ABSTRACT: Positive and negative interactions among organisms are key determinants of pattern in the distribution and abundance of many species. Beneath subtidal canopies of kelp Ecklonia radiata (Laminariales), we observed sparse covers of erect algae (articulated coralline algae and filamentous turf-forming algae) that formed extensive covers where canopies were absent. Moreover, articulated corallines occurred in greater abundance beneath canopies of E. radiata mixed with canopy-forming species of Fucales than beneath monospecific canopies of E. radiata. We experimentally tested the hypotheses that (1) canopies negatively affect the abundance of articulated corallines and filamentous turfs, (2) physical abrasion of the substratum by canopies contributes to such negative effects, and (3) the effect of abrasion on articulated corallines is greater beneath monospecific canopies than mixed-species canopies, but the effect on filamentous turfs does not differ between types of canopy. Experiments revealed large negative effects of canopies on the abundance of articulated corallines and filamentous turfs, to which abrasion made a substantial contribution (~54 to 67% for articulated coralline and ~58% for filamentous turf). Moreover, the intensity of abrasion was greater beneath monospecific than mixed-species canopies, which was consistent with differences in the effect of canopies and abrasion on articulated corallines (monospecific > mixed-species) but not filamentous turfs (monospecific = mixed-species). Although abrasion is one of many possible influences of algal canopies, our results show that it can substantially contribute to the heterogeneity of understorey habitat on subtidal rocky coasts. Comparison with prior research suggests that the effects of E. radiata canopies on understorey algae may be largely explained by the combined effects of shade, sedimentation and abrasion.
INTRODUCTION
Many species can directly and indirectly modify the local environment to create conditions that facilitate and exclude other taxa (Jones et al. 1997 , Bruno & Bertness 2001 . Patterns of positive and negative associations among organisms are often well understood; they can be repeated with great fidelity and strongly enough to be observable from local (km) to regional scales (1000s of km) (Callaway et al. 2002 , Irving et al. 2004 . Mechanistically, however, there is often much to learn about the factors that shape and maintain such interactions. Intensive research of positive and negative associations often demonstrates causation through numerous mechanisms that can act in isolation or combination and whose effects may vary across time and space (Callaway 1992 , Leonard 1999 ). An essential prerequisite to such knowledge is to identify relevant factors that contribute to the establishment and maintenance of associations of interest (Leonard 1999 , Bruno 2000 .
Subtidal rocky coasts at temperate latitudes are characterised by the presence of extensive forests of canopy-forming algae (e.g. kelps) that are widely con-sidered heterogeneous systems exhibiting small-scale patchiness in canopy composition (Harrold & Reed 1985 , Dayton et al. 1992 . A striking pattern observed around the world is that the type and abundance of understorey algae that occupy space beneath algal canopies often differs greatly from that observed within gaps among canopies (Kennelly 1987 , Edwards 1998 , Irving et al. 2004 . Extensive covers of algae with prostrate forms of growth (e.g. encrusting coralline algae) are frequently associated with canopies of algae (Witman & Dayton 2001) , and may coexist with erect species of algae such as articulated corallines (e.g. California: Dayton et al. 1984 , Clark et al. 2004 eastern Australia: Kennelly 1987; NE New Zealand: Schiel 1988; Chile: Santelices & Ojeda 1984) . In other regions, erect algae are sparse beneath canopies and primarily occur within gaps (e.g. western and southern Australia: Melville & Connell 2001 , Irving et al. 2004 ; United Kingdom: Hawkins & Harkin 1985 , Figueiredo et al. 1996 Italy: Benedetti-Cecchi et al. 2001 , Bulleri et al. 2002 . Irrespective of their nature, canopyunderstorey associations in algal forests can be repeated with great fidelity across scales of km to 1000s of km (Fowler-Walker & Connell 2002) .
Experimental clearances and additions of algal canopies have demonstrated conspicuous effects on understorey algae, with clearances typically causing understorey assemblages to become similar to those naturally occurring in gaps (and vice versa when canopies are added) (Dayton 1975 , Reed & Foster 1984 , Kennelly 1987 , Melville & Connell 2001 . Shade afforded by canopies often contributes to an explanation of such responses because it has large effects on understorey taxa that are often consistent with the experimental provision of shade (Kennelly 1989 , Duggins et al. 1990 , Connell 2003a . In addition, the process of laminae 'sweeping' across the substratum (abrasion) is thought to contribute to the effects of canopies by excluding understorey taxa susceptible to such physical disturbance (Velimirov & Griffiths 1979 , Kennelly 1989 ). Morphological differences among species of canopy-forming algae mean that not all canopies abrade the substratum (e.g. erect algae with stipes that exceed the length of their laminae; Reed & Foster 1984) . Where abrasion by the canopy does occur, experiments have typically detected strong negative effects on the abundance of mobile invertebrates (e.g. urchins; Konar & Estes 2003) and the recruitment and survival of sessile invertebrates (e.g. barnacles, serpulid and spirorbid polychaetes; Jenkins et al. 1999 , Leonard 1999 , River & Edmunds 2001 , Connell 2003b . However, the role of abrasion in shaping abundances of understorey algae remains unclear because of few experimental tests and variation among results. Kennelly's (1989) pioneering research of algal communities demonstrated negligible effects of abrasion by canopies of Ecklonia radiata on several species of understorey algae in the temperate waters of eastern Australia, while Cheroske et al. (2000) detected negative effects of abrasion by canopies of Sargassum spp. on turf-forming algae in the tropical waters of Hawaii.
The rocky subtidal coasts of temperate Australia support extensive covers of the Laminarian alga Ecklonia radiata (C. Agardh) J. Agardh and numerous canopy-forming species of Fucales (Womersley 1987) . E. radiata can form dense monospecific stands (typically 0.3 to 2 m in height; Womersley 1987) or can exist in mixed-species aggregations with species of Fucales (e.g. Cystophora spp., Sargassum spp., Scytothalia dorycarpa; Shepherd & Womersley 1970 , Goodsell et al. 2004 . Established canopies are frequently punctuated by gaps where canopy-forming individuals have been removed by disturbance (e.g. storms; Kennelly 1987) . Across the western and southern regions of temperate Australia, erect algae such as articulated coralline algae and filamentous turf-forming algae (a complex of closely packed, erect filaments comprising numerous species of algae; sensu Hay 1981) monopolise space within gaps but are sparse beneath canopies (Shepherd & Womersley 1970 , Fowler-Walker & Connell 2002 . Even so, articulated corallines typically form more extensive covers beneath mixed-species than monospecific canopies of E. radiata, although filamentous turfs are conspicuously absent beneath both types of canopy (Irving et al. 2004 ). Ground-breaking experimental tests of shade provided by E. radiata revealed considerable negative effects on many species of erect algae (Kennelly 1989) , which have since been independently supported (Connell 2003a,b) . However, Kennelly (1989) also detected negligible effects of abrasion by E. radiata, which is at odds with more recent tests (e.g. negative effects in Connell 2003b) .
In this study, we quantified natural associations of articulated coralline algae and filamentous turfforming algae with monospecific canopies of Ecklonia radiata, canopies of E. radiata mixed with species of Fucales, and gaps among canopies at our experimental site (West Island, South Australia) and at 4 nearby sites. We then tested the hypotheses that (1) the percentage cover of articulated corallines and filamentous turfs would be negatively affected by canopies (monospecific and mixed-species) if translocated from gaps to beneath canopies, and (2) such negative effects of canopies would be reduced if articulated corallines and filamentous turfs were protected from abrasion beneath the same canopies (i.e. abrasion contributes to the negative effect of canopies). We further tested that (3) the negative effects of canopies, including that of abrasion, would be greater beneath monospecific than mixed-species canopies for articulated corallines but would not differ between canopies for filamentous turfs.
MATERIALS AND METHODS
Natural patterns. Natural differences in the abundance (percentage cover) of articulated corallines and filamentous turfs were quantified among 3 benthic habitats (monospecific canopies of E. radiata, canopies of Ecklonia radiata mixed with species of Fucales, and gaps among canopies; see definitions below) at 5 sites spanning > 50 km of the coastline of the Fleurieu Peninsula, South Australia, including the site for experimental manipulations (West Island, 35°37' S, 138°35' E; Fig. 1 ). All sites supported a mosaic of extensive covers of canopy-forming algae punctuated by gaps among canopies and were of similar exposure to wave energy (i.e. 17 to 22 of 40 sectors (9°each), radiating from the site that are exposed to the open ocean for 7.5 km or more; see Fowler-Walker et al. 2005a for methods). We identified 3 habitats known to influence the abundance of benthic plants (Irving et al. 2004 ) and animals (Goodsell et al. 2004 ) on a scale of 1 m 2 as (1) 'monospecific E. radiata' when ≥80% of the canopy cover was E. radiata, (2) 'mixed E. radiata-Fucales' when 40 to 60% of the canopy cover was E. radiata and the remaining cover consisted of canopy-forming species of Fucales (e.g. Cystophora spp., Sargassum spp., Scytothalia dorycarpa), and (3) 'gaps among canopies' when rocky substrata did not support canopy-forming algae (Goodsell et al. 2004) . At each site, quadrats (0.2 × 0.2 m) were haphazardly placed within patches of each habitat and were positioned >1 m from the edge of a patch. The percentage cover of articulated coralline and filamentous turf was quantified using the point-intercept method (25 regularly spaced points within the 0.2 × 0.2 m quadrat). Replicates (n = 8) were separated by 1 to 10 m, and sampling was done between depths of 3 and 9 m at all sites. Differences in the abundance of articulated corallines and filamentous turfs among habitats and sites were tested with ANOVA, treating 'site' as random and 'habitat' as fixed and orthogonal.
Experimental effects of canopies and abrasion. Experimental tests of the effects of canopies and abrasion on articulated corallines and filamentous turfs were done at Abalone Cove, West Island (Fig. 1) , using extensive forests of canopy-forming algae and gaps among canopies at depths of 3.03 ± 0.11 m (mean ± SE depth of replicates). At this site, suitable rocky substrata for the attachment and growth of algae is almost entirely provided by a continuous field of granite boulders (~0.1 to 0.5 m diameter) that occur from the intertidal to ~5 m depth. Very few outcroppings of bedrock exist before boulders give way to extensive sand and seagrass beds (Shepherd & Womersley 1970 ).
An orthogonal manipulation of the type of canopy (monospecific vs. mixed-species) and abrasion (presence vs. absence) was used to test (1) the effect of canopies per se, and (2) the effect of abrasion by canopies on the abundance of articulated corallines and filamentous turfs beneath each type of canopy. Small boulders (0.2 to 0.3 m diameter) that naturally supported extensive covers of articulated coralline algae (Haliptilon roseum [Lamarck] Garbary & Johansen) or filamentous turf-forming algae (primarily a complex of Feldmannia spp., Ectocarpus spp., Sphacelaria spp. and Giffordia spp.; Copertino et al. 2005) were translocated from natural gaps to beneath monospecific and mixed-species canopies (n = 15 boulders each for corallines and turfs). Appropriate treatments were included to test for artifacts of translocation (see below). Beneath each type of canopy, 5 boulders supporting corallines and 5 supporting turfs were exposed to all effects of canopies (including abrasion), while another 5 boulders (corallines and turfs) were protected from abrasion but still exposed to all other effects of canopies (e.g. shade). Abrasion was prevented by caging boulders within 50 × 50 mm galvanised mesh to eliminate physical contact between the canopy and experimental boulders. Possible artifacts of the cages were tested by placing the remaining 5 boulders (both coralline and turf beneath each type of canopy) within a partial cage that had elements of the full cage structure but still allowed abrasion (procedural control: a base and 4 sides but no roof). Any differences between the partial cage treatment and that where abrasion was allowed (no cage) would suggest an artifact of the cage structure. The same design (2 canopy × 3 abrasion treatments) was used to quantify the intensity of abrasion among treatments (see below). Partial cages are often used to test for artifacts of full cages (e.g. Connell 1997 , Leonard 1999 ), but are not ideal because cage artifacts and manipulated factors (e.g. abrasion) can both occur to some extent in partial cages, but neither occur to the same extent as in fully caged or uncaged treatments (Kennelly 1991) . Previous experimental tests of cage artifacts in Ecklonia radiata forests have demonstrated effects on the covers of some sessile invertebrates (e.g. sponges, ascidians), accumulated silt and sediment, but not articulated corallines or filamentous turfs (Kennelly 1989 (Kennelly , 1991 . Even so, cages that enhance sediment accumulation may indirectly favour articulated corallines and filamentous turfs, which can thrive under such conditions (e.g. Airoldi & Cinelli 1997) . If such indirect caging artifacts occur, covers of these algae should be similar between full and partial cages, yet this result has not been observed previously and was not observed in this study (see 'Results'). We therefore consider partial cages an appropriate method for testing artifacts of full cages on articulated corallines and filamentous turfs in subtidal forests of E. radiata. Full and partial cages were also designed to allow access to small (< 50 mm) benthic herbivores (e.g. gastropods), but probably excluded larger herbivores (e.g. adults of the urchin Heliocidaris erythrogramma). H. erythrogramma, however, are sparsely distributed on the coastline of southern Australia relative to comparable coasts in temperate Australia (e.g. eastern Australia; FowlerWalker & Connell 2002) , and primarily feed on drift algae.
Immediately prior to translocation, the percentage cover of articulated coralline or filamentous turf growing on each boulder was estimated using the pointintercept method (25 regularly spaced points in the central 0.1 × 0.1 m of the boulder). Once translocated, we ensured that the upward facing surface of each boulder was positioned the same distance away from the canopy as surrounding boulders by replacing a boulder naturally present beneath the canopy with the experimental boulder (and cage). The percentage cover of algae on each boulder was sampled irregularly throughout the duration of experiment (106 d for articulated corallines, 36 d for filamentous turfs). Sampling of articulated corallines ended after 106 d because a storm caused the loss of 2 replicates and also because the experimental effects appeared consistent over the preceding 50 d (see 'Results'). Sampling of turfs ended after 36 ds because covers were rapidly reduced to ~0% on boulders exposed to abrasion (see 'Results'), and so no further loss was possible in these treatments. We also sampled key variables (depth, density of Ecklonia radiata and Fucales, length of E. radiata stipe and thallus) among our experimental patches of monospecific and mixed-species canopies because such variables can affect understorey taxa (e.g. Kendrick et al. 1999 , Fowler-Walker et al. 2005c ) and the intensity of abrasion (Kennelly 1989) .
Analyses proceeded in 2 stages. First, the effects of experimental treatments on the cover of corallines and turfs remaining on boulders at the end of the experiment were tested using 2-way ANOVA, treating 'canopy' and 'abrasion' as fixed and orthogonal. These analyses tested the central hypothesis that the effect of abrasion on articulated corallines (but not filamentous turfs) is dependent on the type of canopy. Second, the proportion of the original cover of coralline or turf that was removed by all effects of canopies (i.e. the combined effects of shade, abrasion, sedimentation, flow alteration), and the proportion removed by abrasion alone, were calculated and compared between canopy types. The proportion of the original cover that was removed by canopies was calculated by subtracting the ratio of final:initial cover from 1 in treatments exposed to all effects of canopies (i.e. no cage). The proportion removed by abrasion alone was calculated by (1) subtracting the ratio of final:initial cover from 1 in treatments exposed to all effects of canopies except abrasion (i.e. full cage), and (2) subtracting this value from the proportion removed in treatments exposed to all effects of canopies (no cage; calculated above). Between-canopy differences in the proportion of algae removed by (1) all effects of canopies and (2) abrasion only were tested using 1-way ANOVA, where all data (ratios) were log(x )-transformed prior to analysis (Underwood 1997) . Replicates (n = 5) for testing the effect of abrasion alone were obtained by randomly pairing the 5 'full cage' replicates with the 5 'no cage' replicates within each type of canopy. We tested 30 different pairing combinations to assess if any single random pairing combination provided representative results.
The process of translocating boulders from gaps to beneath canopies is a physical disturbance that has the potential to affect the abundance of articulated corallines and filamentous turfs, potentially confusing our interpretation of the effects of canopies and abrasion. Hence, all boulders were translocated over similar distances (between 3 and 10 m) and care was taken to ensure that the original and final positions of boulders were at similar depths (addition of canopies, of course, was likely to alter factors such as shade and water flow). Nevertheless, we tested for effects of disturbance by (1) lifting 5 boulders supporting corallines and 5 supporting turfs within natural gaps and replac-ing them in their original positions (vertical disturbance), and (2) translocating 5 boulders supporting corallines and 5 supporting turfs from natural gaps into other natural gaps located 3 to 10 m away (horizontal disturbance). The percentage cover of corallines (106 d) and turfs (36 d) on these boulders was compared to that on unmoved boulders (controls) located within gaps. Any differences between moved (lifted or translocated) and unmoved boulders would indicate an effect of translocation.
Assessment of abrasion. Relative differences in the intensity of abrasion beneath monospecific and mixedspecies canopies were tested using 2 methods.
First, following the method of Kennelly (1989) , 14 white ceramic tiles (0.14 × 0.14 m) were coated with a thin layer of red water-soluble paint and placed beneath monospecific and mixed-species canopies (n = 7 tiles per type of canopy). Tiles were positioned the same distance away from the canopy as surrounding natural boulders and were exposed to lamina abrasion for ~3 min, after which the percentage of white tile exposed was quantified using the point-intercept method (25 regularly spaced points within the central 0.1 × 0.1 m of each tile). Rather than representing the average intensity of abrasion through time, the amount of white tile exposed was used simply as an indicator of the relative intensity of abrasion between monospecific and mixed-species canopies. A further 7 tiles were placed in natural gaps for 3 min to provide an estimate of the dissolution of paint in the absence of abrasion, which instead was presumably due to water motion (flow) over the surface of the tile or sediment scour.
Second, the loss of mass from plaster clods beneath monospecific and mixed-species canopies was tested using the same design as that which tested the effect of canopies and abrasion on corallines and turfs (2 canopy × 3 abrasion treatments, n = 5 per treatment). Beneath canopies, attributing the loss of plaster to abrasion can be problematic because both abrasion (mechanical removal) and water motion (dissolution) can cause loss of plaster from clods. Hence, we interpret the difference between the amount of plaster lost from clods that were exposed to abrasion (i.e. no cage and partial cage: abrasion and water motion) and those that were protected from abrasion (i.e. full cage: water motion only) as being attributable to abrasion. Partial cages were again used to test for artifacts of cages on the loss of plaster from clods. All clods were made from the same mixture of plaster and were oven-dried at 70°C for 48 h before being weighed. Clods were then placed into appropriate treatments during moderate to strong swell conditions for Abalone Cove (2 m swells vs. 0.5 to 1 m average summer swells, A. D. Irving pers. obs.) and were left for 3 d before being collected, oven dried (70°C for 48 h) and weighed. The amount of plaster removed was measured as the percentage loss of mass from each clod. Plaster clods were also placed within natural gaps to indicate the amount of dissolution of plaster in the absence of abrasion but in the presence of water motion. Here, full and partial cages were again used in conjunction with a 'no cage' treatment, with the prediction that the percentage of plaster lost would not differ among the 3 treatments.
RESULTS

Natural patterns
At 4 of 5 sites, articulated coralline algae occurred in greater abundance within gaps than beneath canopies but were also more extensive beneath mixed-species than monospecific canopies (Fig. 2a , Table 1 where no differences among habitats were detected (Fig. 2b , Table 1 ). Filamentous turfs were almost always absent beneath mixed-species and monospecific canopies, causing heterogeneous variances among treatments even after arcsine (%) transformation. Analysis proceeded using ANOVA, however, since this procedure is robust to departures from assumptions of homogeneity of variances and normality (Underwood 1997) .
Abrasive environment
The amount of tile exposed (amount of paint removed) was greater beneath monospecific than mixed-species canopies of Ecklonia radiata (ANOVA: F 2,12 = 75.77, p < 0.001). For this design, such differences between canopies may be caused by differences in ambient water motion, sediment scour, and/ or abrasion by laminae. Experiments were done in shallow water (~3 m depth) where wave forces remain strong and are therefore unlikely to differ between canopies. Very little sediment accumulated on tiles or appeared to otherwise remove paint during thẽ 3 min that the tiles were placed under canopies. Indeed, paint was observed to be almost exclusively removed by physical contact between the laminae of canopy-formers (E. radiata and species of Fucales) and the surface of the tile, with laterals along the entire length of the thallus appearing capable of removing paint from tiles. Only small amounts of paint were removed within gaps where lamina abrasion does not occur (SNK tests: gap < mixed < monospecific), and was most likely to have been caused by ambient water motion or sediment scour. We therefore consider that differences in the amount of tile exposed between monospecific and mixed-species canopies were primarily caused by differences in the intensity of abrasion by laminae.
Plaster clods that were exposed to abrasion (no cage and partial cage) lost a greater percentage of their original mass than clods protected from abrasion (full cage) beneath monospecific and mixed-species canopies (Fig. 3 , Table 2 ) (abrasion main effect; SNK tests: protected < exposed = procedural control). Differences in the loss of plaster between monospecific and mixedspecies canopies were subtle, but detectable by ANOVA (Table 2 : canopy main effect). Clods exposed to abrasion lost a greater percentage of plaster beneath monospecific than mixed-species canopies (SNK tests: monospecific > mixed for 'exposed' and 'procedural control' treatments), while clods protected from abrasion lost similar amounts of plaster beneath both types of canopy (Fig. 3) . No artifacts of cages were detected (SNK tests: partial cage = no cage). Hence, the difference in the loss of plaster between clods that were protected from vs. exposed to abrasion (i.e. the intensity of abrasion) appears greater beneath monospecific canopies relative to mixed-species canopies. No differences were observed among treatments within gaps (Fig. 3 , Gap) (ANOVA: F 2,12 = 1.16, p > 0.34), suggesting that cages (partial or full) did not alter ambient flow environments or the intensity of sediment scour. Moreover, the amount of plaster lost in gaps was similar to that from clods exposed to abrasion beneath monospecific canopies (Fig. 3) . From this result, we predict that the amount of plaster lost due to water motion in gaps is equivalent to the amount lost due to the combined effect of water motion and abrasion beneath monospecific canopies.
132 Table 1 . Results of 2-way ANOVAs testing for differences in percentage cover of articulated coralline algae and filamentous turf-forming algae among habitats (monospecific vs. mixed-species vs. gap) and sites (n = 5). Boldface indicates significant effects. Data were arcsine(%)-transformed. Cochran's C-test of homogeneity of variances: p > 0.05 for articulated coralline algae, and p < 0.05 for filamentous turfs; hence, significance was judged conservatively (α = 0.01) for filamentous turfs (Underwood 1997 Mean percentage of plaster lost Fig. 3 . Mean (± SE) percentage loss of mass from plaster clods exposed to and protected from abrasion beneath monospecific and mixed-species canopies, as well as among caging treatments within natural gaps (absence of abrasion)
Experimental effects on articulated corallines
At the beginning of the experiment (i.e. immediately prior to translocation: Day 0 in Fig. 4 ), boulders supported similar covers of articulated coralline algae among treatments (2 canopy × 3 abrasion: ANOVA: F 2,24 = 2.01, p > 0.15). After 106 days, boulders protected from abrasion (full cage) still supported extensive covers of articulated coralline that were similar to the covers on boulders that remained within gaps (Fig. 4a) . In contrast, the covers of articulated coralline on boulders exposed to abrasion (no cage and partial cage) were reduced relative to boulders protected from abrasion (Fig. 4a, Table 2 ) (SNK tests: protected > exposed = procedural control, for both monospecific and mixed-species canopies). However, the magnitude of the reduction in the cover of corallines on boulders exposed to abrasion was dependent on the type of canopy (Fig. 4a , Table 2 : abrasion × canopy interaction), being greater beneath monospecific than mixedspecies canopies (SNK tests: monospecific > mixed for exposed and procedural control treatments). Such effects appeared consistent over the final ~50 d of the experiment (Fig. 4a) . Importantly, no artifacts of the cages were detected (exposed = procedural control in all pair-wise comparisons). Likewise, no effect of moving boulders (vertical or horizontal disturbance) was detected for the percentage cover of articulated corallines (ANOVA: F 2,12 = 1.19, p > 0.30). Hence, the process of translocating boulders from gaps to beneath canopies did not confound interpretation of the observed experimental effects.
The proportion of the original cover of corallines that was removed by all effects of canopies (e.g. shade, abrasion) was greater beneath monospecific than mixed-species canopies (Fig. 5a ) (ANOVA: F 1,8 = 25.32, p < 0.002), with 58.71 ± 4.65% loss of original cover beneath monospecific canopies and 32.62 ± 2.54% loss of original cover beneath mixed-species canopies. The contribution of abrasion to the removal of corallines was also greater beneath monospecific than mixed-species canopies (Fig. 5a ) (ANOVA: F 1,8 = 34.04, p < 0.001), with all tests of the 30 different pairing combinations ('full cage' replicates subtracted from 'no cage' replicates) giving this result. Abrasion accounted for 53.60 ± 7.91% of the total effect of mixed-species canopies and 66.82 ± 3.60% of the total effect of monospecific canopies. . Mean (± SE) percentage cover of (a) articulated coralline algae and (b) filamentous turf-forming algae remaining on boulders within gaps and among experimental treatments of canopy (monospecific vs. mixed-species) and abrasion (exposed vs. protected) through time. Procedural control treatments designed to detect artifacts in the experimental design (cages and translocating boulders) have been omitted because no artifacts were detected
Experimental effects on filamentous turfs
All boulders supported similar covers of filamentous turf among treatments at the beginning of the experiment (ANOVA: F 2,24 = 0.17, p > 0.80). After 36 d, the cover of turfs on all boulders translocated beneath canopies was reduced, while boulders remaining within gaps (controls) still supported extensive covers of turf (Fig. 4b) . Boulders exposed to abrasion (no cage and partial cage) lost greater amounts of turf than boulders protected from abrasion (full cage) ( Table 2 : abrasionmain effect). Notably, this effect was not dependent on the type of canopy (Fig. 4b, Table 2 ) (non-significant canopy × abrasion interaction; SNK tests: protected > exposed = procedural control for both monospecific and mixed-species canopies). No differences between 'exposed' and 'procedural control' treatments indicated no artifacts of the cage structures. Again, no effect of moving boulders (vertical or horizontal disturbance) was detected for the percentage cover of filamentous turfs (ANOVA: F 2,12 = 1.26, p > 0.30).
The negative effect of canopies on filamentous turf was similar between monospecific and mixed-species canopies (Fig. 5b) (ANOVA: F 1,8 = 0.01, p > 0.90), removing 98.94 ± 0.70% of the original cover of turfs on translocated boulders (data pooled across canopies). The contribution of abrasion to the loss of turf on boulders was also of similar magnitude between canopy-types ( Fig. 5b) (ANOVA: F 1,8 = 0.00, p > 0.90), with all 30 random pairing combinations giving this result. Abrasion accounted for 58.34 ± 8.57% of the total effect of monospecific canopies and 57.14 ± 5.80% of the effect of mixed-species canopies.
Key variables
No differences in the depth of experimental patches of habitat or the length of the thallus or stipe of Ecklonia radiata were detected between monospecific and mixedspecies canopies (ANOVA: p > 0.05 in all cases). The mean (± SE) stipe length and ratio of laminato-stipe length of E. radiata in experimental patches were also representative of general measures across >1000 km of southern Australian coastline (for this study stipe length = 6.8 ± 0.9 cm, lamina-to-stipe length ratio = 6.7 ± 0.5; cf. general measures discussed in following section). The density of E. radiata comprising monospecific canopies was greater (~13 plants m -2 ) than that for mixed-species canopies (~7 plants m 
DISCUSSION
One of the most striking and frequently cited patterns for temperate rocky coasts around the world is that the type and abundance of understorey algae occupying space beneath canopies of algae differs greatly from that observed within gaps among canopies (e.g. NW Atlantic: Chapman & Johnson 1990; California: Edwards 1998; Italy: Bulleri et al. 2002; Australia: Fowler-Walker & Connell 2002) . Consistent with this observation, we sampled sparse covers of articulated coralline algae and filamentous turfforming algae beneath algal canopies, but extensive covers within gaps among canopies on subtidal coasts in South Australia (Fig. 2, Table 1 ). This pattern is similar to observations from other coastlines around the world that also support low densities of benthic herbivores (e.g. urchins) (Hawkins & Harkin 1985 , Bulleri et al. 2002 . The experimental addition of canopies had negative effects on the abundance of articulated corallines, and particularly filamentous turfs, which were almost completely removed (~99% of original cover) from boulders exposed to all effects of canopies (Fig. 4b, Table 2 ). However, such negative effects were reduced where abrasion by canopies was prevented. Although abrasion is one of many possible influences Mean proportion of original cover removed Fig. 5 . Mean (± SE) proportion of original cover of (a) articulated corallines and (b) filamentous turfs removed by all effects of canopies (e.g. shade, abrasion) and abrasion only, beneath mixed-species and monospecific canopies of canopies, it made a substantial contribution to our observed effects of canopies (~54 to 67% for articulated coralline and ~58% for filamentous turf; Fig. 5 ). Hence, the negative effect of abrasion by laminae demonstrates that direct physical contact with the benthos, where it occurs (see following discussion), can contribute to the heterogeneity of understorey habitat on subtidal rocky coasts. The heterogeneous structure of algal forests is often recognised as patchiness associated with the presence and composition of canopies, yet surprisingly few studies have tested for ecological differences between canopies of varying composition (but see Dayton et al. 1984 , Clark et al. 2004 . We observed that monospecific canopies of Ecklonia radiata had a greater negative effect on the cover of articulated corallines than mixed-species canopies, while negative effects of similar magnitude were observed for both types of canopy for filamentous turfs (Fig. 4, Table 2 ). Additionally, the intensity of abrasion appears greater beneath monospecific than mixed-species canopies, which is consistent with differences in the effect of abrasion on articulated corallines (monospecific > mixed-species). Although all species of canopy-formers (E. radiata and species of Fucales) were observed to abrade the substratum (see 'Results; Abrasive environment'), it is possible that differences in abrasion intensity are caused by differences in the densities of key species that may exert relatively strong abrasive effects. Even if this model is correct, it does not change the interpretation that clear differences exist in the ecology (patterns and their causes) of monospecific vs. mixedspecies canopies of subtidal algae, and this study contributes to a growing body of knowledge describing such variation (Dayton et al. 1984 , Goodsell et al. 2004 , Irving et al. 2004 .
Qualitative observations of experimental boulders through time suggested mechanistic differences in the way abrasion affected the abundance of articulated corallines and filamentous turfs. Abrasion primarily appeared to affect the abundance of articulated corallines (Haliptilon roseum) through the loss of adventitious branchlets along the lower 2 ⁄ 3 of the thallus to give the alga a more stipitate morphology. The decline in cover seemed to occur uniformly over the surface of boulders subjected to abrasion and exposed either underlying encrusting coralline algae or bare rock. In contrast, the decline in the cover of filamentous turfs appeared to involve the complete removal of thalli (filaments) to expose the underlying bare rock. While such effects also seemed to occur uniformly over the surface of boulders exposed to abrasion, any remaining turf persisted only as a short (< 5 mm long) and sparsely distributed 'tuft'. Relative to articulated corallines, a greater magnitude of decline over a shorter period of time was apparent for filamentous turfs.
Experimental tests of abrasion within stands of Ecklonia radiata have revealed intriguing variation among results. In eastern Australia, Kennelly (1989) found abrasion to have negligible effects on several species of understorey algae and sessile invertebrates, while shade from canopies often had large effects. Using a similar experimental design to Kennelly (1989) , both Connell (2003b) and the present study detected large negative effects of abrasion on sessile invertebrates (Connell 2003b ) and erect algae (present study) in southern Australia. Models to account for such regional inconsistencies are yet to be assessed. A promising model, however, centres on the morphology of E. radiata, which is related to the intensity of abrasion. Using a range of plant sizes, Kennelly (1989) demonstrated that the intensity of abrasion correlates negatively with stipe length. Recent broad-scale sampling of exposed rocky coasts in eastern and southern Australia (32 sites across > 2000 km of coastline) revealed that E. radiata in eastern Australia generally have longer stipes than plants in southern Australia (mean ± SE = 11.0 ± 0.7 cm for eastern Australia, 6.7 ± 0.2 cm for southern Australia), in addition to shorter laminae relative to the stipe length (mean ± SE laminato-stipe length ratio = 4.5 ± 0.3 for eastern Australia, 6.8 ± 0.4 for southern Australia) (Fowler-Walker et al. 2005b ). The morphology of E. radiata in the present study closely matches these general measures for southern Australia (see 'Results; Key variables'), suggesting that plants in southern Australia are morphologically suitable for exerting strong effects of abrasion. It follows that the intensity of abrasion and its effects on understorey taxa could be less in eastern Australia than in southern Australia because of regional variation in the morphology of E. radiata. Although untested, this model may provide a causative link between a local-scale process (i.e. abrasion) and a regional-scale pattern.
Canopies of algae modify many factors that may contribute to structuring patterns in understorey assemblages. Working in the same algal forest as the present study (West Island), Connell (2003a) observed that the combined effects of shade and sedimentation accounted for ~0.57 of the effect of monospecific canopies of Ecklonia radiata on understorey algae. Complementing this knowledge, our data estimate the experimental effect of abrasion by monospecific canopies of E. radiata as ~0.39 (calculated as the average proportion of the original cover of algae that was removed by abrasion alone). Summing these proportions gives a value of ~0.96, suggesting that the effects of canopies of E. radiata on understorey algae may be largely explained by the combined effects of shade, sedimen-tation and abrasion. Without appropriate experimental data, this conclusion should be interpreted cautiously, since treatment effects are likely to be interactive and therefore non-additive (e.g. abrasion may also remove accumulated sediment). Also, such conclusions are likely to have spatial limits since E. radiata in eastern Australia do not appear to exert strong abrasive effects (Kennelly 1989) . Nevertheless, synergistic effects among factors can cause an early divergence in the assembly and subsequent maintenance of understorey associated with the presence and absence of canopies (Connell 2005) . Understanding the spatial generality of such synergies remains critical where models are required to predict the response of understorey to the presence (e.g. establishment) and absence (e.g. loss) of algal canopies.
Perhaps the world's best studied subtidal kelp forests are those characterised by Macrocystis pyrifera along the coastline of California. It is useful, therefore, to understand how the ecology of Australian forests compares with these well understood and widely cited habitats. The surface canopy of M. pyrifera often occurs above a subsurface canopy formed by species of laminarian algae (mainly Pterygophora californica and several species of Laminaria). These subsurface kelps are of similar size to E. radiata (0.5 to 2 m in length), and their canopies (either alone or in combination with canopies of M. pyrifera) reduce ambient light intensity at the substratum to a similar degree, e.g. 91 to 98% reduction by P. californica (Reed & Foster 1984 , Clark et al. 2004 ) vs. 95% reduction by E. radiata (Kennelly 1989) . In contrast to E. radiata, these subsurface kelps make less physical (abrasive) contact with the substratum (S. D. Connell pers. obs.), and it follows that the understorey within these forests often supports extensive covers of erect algae, especially articulated corallines (Reed & Foster 1984 , Edwards 1998 , Clark et al. 2004 . Understanding limits of generality between Californian and Australian kelp forests may benefit from realising this physical difference in the kelps themselves.
The challenge of understanding the relative influence of positive and negative interactions in ecology has been revived in recent times (Bruno et al. 2003) . Canopies of algae modify local environmental conditions to create favourable habitat for some species (e.g. encrusting coralline algae) but unfavourable habitat for others (e.g. filamentous turfs). Negative effects of abrasion on articulated corallines and filamentous turfs may augment effects of shade provided by canopies, which appear primarily responsible for the maintenance of extensive covers of encrusting coralline algae beneath canopies (Kennelly 1989 , Figueiredo et al. 2000 , Connell 2003a ). Moreover, negative effects of abrasion on corallines and turfs may have indirect positive effects on the abundance of other taxa (e.g. encrusting corallines) by excluding competitors for space and releasing additional resources (e.g. Kastendiek 1982) . Experimental tests of fundamental mechanisms to identify variability in the strength of their positive and/or negative effects on key taxa remain vital to improving our knowledge of the maintenance of heterogeneity within these widespread subtidal habitats.
